During the developmental process of emmetropization evidence shows that visual feedback guides the eye as it approaches a refractive state close to zero, or slightly hyperopic. How this ''set-point" is internally defined, in the presence of continuous shifts of the focal plane with different viewing distances and accommodation, remains unclear. Minimizing defocus blur over time should produce similar end-point refractions in different individuals. However, we found that individual chickens display considerable variability in their set-point refractive states, despite that they all had the same visual experience. This variability is not random since the refractions in both eyes were highly correlated -even though it is known that they can emmetropize independently. Furthermore, if chicks underwent a period of experimentally induced ametropia, they returned to their individual set-point refractions during recovery (correlation of the refractions before treatment versus after recovery: n = 19 chicks, 38 eyes, left eyes: slope 1.01, R = 0.860; right eyes: slope 0.85, R = 0.610, p < 0.001, linear regression). Also, the induced deprivation myopia was correlated in both eyes (n = 18 chicks, 36 eyes, p < 0.01, orthogonal regression). If chicks were treated with spectacle lenses, the compensatory changes in refraction were, on average, appropriate but individual chicks displayed variable responses. Again, the refractions of both eyes remained correlated (negative lenses, n = 18 chicks, 36 eyes, slope 0.89, R = 0.504, p < 0.01, positive lenses: n = 21 chicks, 42 eyes, slope 1.14, R = 0.791, p < 0.001). The amount of deprivation myopia that developed in two successive treatment cycles, with an intermittent period of recovery, was not correlated; only vitreous chamber growth was almost significantly correlated in both cycles (n = 7 chicks, 14 eyes; p < 0.05). The amounts of ametropia and vitreous chamber changes induced in two successive cycles of treatment, first with lenses and then with diffusers, were also not correlated, suggesting that the ''gains of lens compensation" are different from those in deprivation myopia. In summary, (1) there appears to be an endogenous, possibly genetic, definition of the set-point of emmetropization in each individual, which is similar in both eyes, (2) visual conditions that induce ametropia produce variable changes in refractions, with high correlations between both eyes, (3) overall, the ''gain of emmetropization" appears only weakly controlled by endogenous factors.
Introduction
Emmetropization refers to the developmental process that reduces neonatal refractive errors by coordinating postnatal eye growth. In humans, refractions are initially widely scattered at birth but are tuned to an ''optimal value" over the first 6 years of life. At this age, inter-individual variability in refractive states is much less than would be expected from random combinations of the powers of cornea and lens, and eye length (e.g. Hirsch & Weymouth, 1991) . Emmetropization is controlled by visual input (e.g. Wallman & Winawer, 2004) but also by genetic factors (e.g. human: Lopes, Andrew, Carbonaro, Spector, & Hammond, 2009; chicken: Chen et al., 2009) .
Unresolved questions are whether the ''optimal refraction" (in children mildly hyperopic, like +0.5D) represents a genetically determined ''set-point". Furthermore, it is unclear how the eye can sense when this set-point is reached. Deriving the necessary information from visual experience is not trivial because the focal plane, relative to the photoreceptor plane, shifts continuously with viewing distance and accommodation tonus. A question directly relevant to human myopia development is why similar visual experience can trigger enhanced axial eye growth in some but not all individuals. One hypothesis is that the gain of the visually-guided feedback loop controlling eye growth is genetically determined, making some eyes more susceptible to myopia development when they are frequently exposed to short viewing distances. However, Mutti, Mitchell, Moeschberger, Jones, and Zadnik (2002) could not find evidence for an inheritance of the susceptibility to near work-induced myopia. Also the set-point might be a genetically determined variable in emmetropization.
These questions have been studied in animal models. Wallman, Adams, and Trachtman (1981) were the first to show that emmetropization occurs also in chickens. refractive errors declined over the first 8 weeks post-hatching. The average refractive states changed from hyperopia to close to zero. They also observed that the susceptibility of the chicken eye to deprivation myopia declined with age, suggesting that the ''gain of emmetropization" also declined also with age. However, Saltarelli, Wildsoet, Nickla, and Troilo (2004) found that less myopia development at an older age can be explained by optical scaling. If chicks are exposed to two equally long successive treatment cycles with diffusers, interrupted by a period of recovery, they develop significantly less myopia at 27 days of age than at 3 days of age. Saltarelli et al. (2004) found that the absolute changes in vitreous chamber depth were similar in both cycles, suggesting that optical scaling (Hofstetter, 1969) could explain the smaller optical effect in the second cycle. Saltarelli et al. (2004) also found that the magnitudes of vitreous chamber elongation were correlated in the first and second cycle for each individual, suggesting that the ''gain of emmetropization" may indeed be individually set. That genes may control the gain of emmetropization is supported by studies showing that different strains of chickens develop different amounts of myopia with diffusers in front of their eyes (e.g. Guggenheim, Erichsen, Hocking, Wright, & Black, 2002) , and that there are also significant differences in myopia between male and female chicks (Zhu, Lin, Stone, & Laties, 1995) .
We studied the endogenous control of emmetropization in chickens, using the treatment paradigm of Saltarelli et al. (2004) . In addition to a treatment with diffusers, the effects of spectacle lenses in individual chicks were compared to those of diffusers, and the responses of both eyes were separately analyzed. Both set-points and gain of emmetropization were analyzed.
Methods

Animals
In total, 46 male white leghorn chickens (Gallus domesticus) were used for this study. In addition, data originating from 11 chicks of the same ages, which were treated with negative lenses and 16 chicks of the same ages which were treated with positive lenses in the course of another experiment in the lab, were included ( Fig. 1B and C) . Experiments conformed to the ARVO Resolution on the Use of Animals in Ophthalmic and Vision Research and were approved by the University Commission for Animal Welfare (reference AK 03/09). Chickens were obtained from a local hatchery (company Weiss in Kirchberg, Germany) one day after hatching. They were raised in groups in large cages in the animal facilities of the institute at a 12-h light/12-h dark cycle. Room temperature was kept at 30°C during the first week post-hatching and at 28°C thereafter. To accustom the chickens to the human voice, a radio played during the light period. Water and food were supplied ad libitum.
Treatment paradigms
Chicks were bilaterally treated with diffusers made from frosted plastic foil (Schaeffel & Howland, 1991) , or positive or negative lenses (powers +7D and À7D), starting at day 5 post-hatching. Since all diffusers were made from a large sheet of frosted plastic foil, they did not differ in their optical effects and the observed variability in induced deprivation myopia cannot be attributed to variability of the diffusers (Bartmann & Schaeffel, 1994) . The distances of the lenses from the corneal apex (vertex distances) ranged between 2 and 3 mm. All treatments were binocular.
The chicks were split up into five groups. The first three groups went through two successive periods of treatment, interrupted by a recovery period as follows: the first group consisting of seven chicks was initially deprived of sharp vision, using diffusers for 5 days. Chicks were then allowed to recover for 5 days, and subsequently deprived again for another 5 days. Chicks in the second Fig. 1 . Correlations between the refractions in both eyes before treatment (white circles) and after the treatment (black or grey filled circles) with (A) diffusers, (B) negative lenses, and (C) positive lenses. Orthogonal regressions were used: in all cases, the refractions in both eyes were correlated (p < 0.01 or better). In (B), the encircled data point was considered an outlier and was excluded from the regression analysis. In (C), further data from chicks of the same age and at the same time originating from other studies in the lab were also included and are denoted by grey circles. group (n = 7), were first treated with negative lenses for 5 days, afterwards were allowed to recover from the induced myopia for 5 days and subsequently treated with diffusers for another 5 days. The third group, consisting of 5 chicks, was initially treated with positive lenses for 5 days, afterwards they were allowed to recover for 5 days, subsequently treated with diffusers for 5 days. The last two groups of 11 and 16 chicks went through only one period of treatment. One group was treated with negative lenses for 5 days, the other wore positive lenses for 5 days.
Measurements of refractive state and ocular dimensions
Refractive state was measured without cycloplegia (since complete cycloplegia cannot be reliably achieved in chicks; Schwahn & Schaeffel, 1994) at the beginning and at the end of each period of treatment in the central visual field using automated infrared photoretinoscopy (calibrated for chickens of the same age; Seidemann & Schaeffel, 2002) . Chicks accommodate rapidly but only transiently which can be easily observed with a photorefractor. Therefore, it was easy to exclude measurements when they accommodated. Averages of three repeated measurements were taken, and standard deviations are shown in Fig. 3 , left column.
Vitreous chambers depth was measured by A-scan ultrasound as described before (Schaeffel & Howland, 1991) at the beginning and at the end of each treatment period. Averages of three repeated measurements were used for statistical analysis.
Statistical analysis
For analyzing the refractive changes that were induced by the various treatments we computed the difference in the same eyes in refraction and in axial length between the points after and before each treatment period.
Comparisons of the refractions between both eyes were done using orthogonal regressions, because this analysis does not assume a dependent and an independent variable (both eyes have the same rank). Analyses of the gains in two successive treatment cycles were performed using linear regressions -the gain in the first treatment period was considered the independent variable and it was tested whether the gain in the second treatment period was correlated.
Results
Refractive errors induced by diffusers or lenses
A high correlation of the initial refractions in both eyes was found in all groups. For mammals with yoked accommodation, this may appear trivial, but in the case of a chicken with independent accommodation in both eyes, and largely independent emmetropization (Rucker, Zhu, Bitzer, Schaeffel, & Wallman, 2009 ), this result is of interest.
Diffusers, or positive (+7D) or negative (À7D) lenses induced refractive errors similar to what is known from the literature (e.g. Schaeffel, Bartmann, Hagel, & Zrenner, 1995) . The mean changes over the first 5 days treatment period for all groups treated in this age frame (±standard deviations) were: with diffusers À5.5 ± 2.9D (left eyes average), À5.9 ± 3.5D (right eyes average), with negative lenses À7.7 ± 2.9D (left eyes average), À6.3 ± 2.6D (right eyes average); and with positive lenses +4.4 ± 3.3D (left eyes average), +4.5 ± 2.94D (right eyes average). In the case of negative lenses, the compensatory changes in refractive state were, on average, appropriate but not fully sufficient in the case of the positive lenses. Individual chicks displayed highly variable responses (see Fig. 1 ). In particular the individual responses to positive lenses were widely scattered. Four out of 21 chicks treated with positive lenses did not compensate the lenses (Fig. 1C) .
Correlations of the refractions in both eyes
Before the treatments with diffusers or lenses, the refractions were highly correlated in both eyes (p < 0.01, in all groups, Fig. 1A-C) . After treatment with diffusers, the induced myopia remained correlated in both eyes (n = 18 chicks, R = 0.655 (orthogonal regression), p < 0.01, Fig. 1A ). The same was true after treatment with negative lenses (n = 18 chicks, R = 0.504, p < 0.01; orthogonal regression, after exclusion of one outlier, encircled in Fig. 1B) , and after treatment with positive lenses (n = 21 chicks, R = 0.792 (orthogonal regression), p < 0.001; Fig. 1C) . While the inter-ocular correlations in refractive state under all conditions could be interpreted as an indication that genetic control determines setpoints of emmetropization, similar visual experience of both eyes in a chick under normal viewing conditions might also contribute. There are no studies available on correlations in accommodation tonus in both eyes in chicks with normal visual experience although it is well established that they can accommodate independently (Schaeffel, Howland, & Farkas, 1986) . A recent study by Rucker et al. (2009) shows that refractive development in both eyes display a complex pattern of interactions and that inter-ocular correlations of refractive state cannot be only controlled only be genetics.
Correlations of refractive errors induced in two successive treatment cycles
As can be seen in Fig. 1 , treatment with diffusers or lenses generated considerable variability of the refractions among the different individuals. The scatter of the individual refractions was particularly large in those animals that had been treated with diffusers (Fig. 1A) or positive lenses (Fig. 1C) . Some of the variability could be attributed to slight differences in the positioning of the positive lenses in front of the eyes, but it is clear that additional factors must contribute. Since the refractions in both eyes remained correlated, endogenous, or genetic factors are likely to be involved. To test this assumption, chicks underwent two treatment cycles, interrupted by a recovery period. From day 5 to 10 of age, group 1 wore diffusers, group 2 wore negative lenses, and group 3 wore positive lenses over both eyes. All groups recovered for 5 days; from day 10 to 15 of age they all wore diffusers. Average start-up and end-point refractions are shown in Table 1 .
As can be seen in Table 1 , diffusers induced about 6D of relative myopia. Minus 7D lenses induced about 7D of relative myopia, and +7D lenses induced about 6D of relative hyperopia, which matches roughly the powers of the lenses. Again the inter-individual variability of the responses was high (Fig. 2) . Some chicks adjusted their refractive states readily to the changes in visual environment but others showed little change.
To find out whether the gains of the feedback loops driving the refraction changes in response to diffuser or lens treatment were typical for each individual, the changes in refraction and in vitreous chamber depth during the second treatment cycle were plotted against the changes observed in the first treatment cycle. This was done for each individual eye, assuming that emmetropization was independent in both eyes. An almost significant correlation (p = 0.065) was found only for changes in vitreous chamber depth during the two successive cycles of diffuser treatment (Fig. 3A,  right) , similar to an observation by Saltarelli et al. (2004) . The changes in refraction were not significantly correlated in the first and second treatment cycle; it must be assumed that, in addition to vitreous chamber, other variables affecting refraction must also have changed in the eyes. 
Table 1
Average refractive states before and after the two successive 5-day treatment cycles with diffusers or lenses (first treatment cycle from age 5 to 10 days, recovery cycle from 10 to 15 days, second treatment cycle from day 15 to 20. Treatment was changed at noon on the respective days. Error margins represent standard deviations.).
Treatment
Before treatment After treatment
Left eyes average refractions (D) Right eyes average refractions (D) Left eyes average refractions (D) Right eyes average refractions (D)
Group 1 (n = 7 chicks) Diffusers (1. cycle) +3.4 ± 0.6 +4.1 ± 0.7 À2.3 ± 5.7 À3.1 ± 5.1 Diffusers (2. cycle) +2.9 ± 0.6 +3.9 ± 0.9 À2.6 ± 3.5 À2.5 ± 4.4
Group 2 (n = 7 chicks) À7D lenses (1. cycle) +4.0 ± 0.9 +4.0 ± 1.3 À3.8 ± 2.8 À2.2 ± 2.3 Diffusers (2. cycle) +4.0 ± 3.4 +3.7 ± 0.9 À4.9 ± 3.4 À2.7 ± 1.6
Group 3 (n = 5 chicks) +7D lenses (1. cycle) +2.2 ± 0.5 +2.7 ± 0.6 +8.4 ± 1.1 +8.6 ± 0.7 Diffusers (2. cycle) +2.2 ± 0.5 +2.6 ± 0.3 À1.8 ± 2.0 À0.5 ± 4.0
No correlations were found for changes in refraction or vitreous chamber depth for the other two treatment protocols (Fig. 3B - first negative lenses and then diffusers; and C -first positive lenses and then diffusers). Note that, despite treatment with positive lenses, the vitreous chamber depth (Fig. 3C, right) increased in three of the eyes over the 5-day observation period. However, since eyes with normal vision in the same chicken strain grow much more (about +0.24 ± 0.09 mm over the same time period; Feldkaemper, Neacsu, & Schaeffel, 2009) , it is clear that positive lenses had a highly significant inhibitory effect on eye growth (average growth in all 10 positive lens treated eyes: À0.036 ± 0.11 mm versus +0.24 ± 0.09 mm in 14 untreated eyes, p < 0.001, unpaired ttest). In the remaining seven eyes, vitreous chamber depth was actually shrinking, in line with a recent conclusion by Wallman, Zhu, and Rucker (2009) .
In Fig. 3 , left and right eyes were pooled for correlation analyses which are a statistical limitation. However, in a separate analysis of data from the left and right eyes none of the correlations achieved significance.
Inspection of Fig. 2B suggests that those animals that started out more hyperopic developed more myopia when they were wearing negative lenses. Therefore, the changes in refraction were plotted against the starting refraction. Although there was a trend in the case of the left eyes, this did not achieve significance (linear regression: R = 0.688, df = 6, n.s.). In the case of the right eyes, the correlation was even lower (R = 0.206, n.s.).
Apparently, no single genetic factor can be assumed to control the gain of refractive compensation in chicks.
Set-points of emmetropization and baseline refractions
Perhaps the most striking result of this study was that the chicks returned to their initial refractive states after they had undergone a period of ametropia due to diffuser or lens treatment. The baseline refraction before the treatment (day 5) and the refractions after recovery (day 15) were highly correlated (38 eyes of 19 chicks, p < 0.001). High correlations were also obtained when both eyes were independently analyzed (Fig. 4) . Mean refractions were 3.5 ± 1.0D before treatment and 3.4 ± 1.3D after recovery. Apparently the set-point of emmetropization in each of the animals was endogenously defined. It is clear, however, that the chicks would have developed less hyperopic end-point refractions if the observation period would have been extended, as shown by Wallman et al. (1981) . Wallman et al. (1981) had found that there is a developmental decline in hyperopia in young chicks which is not due to a reduction of the ''small-eye-artifact" (Glickstein & Millodot, 1970 ) that occurs when the eye increases in size.
Discussion
Summary of the results
We have obtained a number of new results: (1) chicks differed by their individual set-points of emmetropization and returned to individual set-points after a period of experimentally induced refractive errors, (2) both eyes in an individual appeared to have similar set-points of emmetropization since the refractions remained always correlated -although the similarity of visual experience in both eyes of a chick with normal visual experience cannot be neglected (3) different from the set-point of emmetropization, there was less clear evidence that the ''gain" of emmetropization was individually set since the responses of both eyes to diffusers or lenses were variable, and refractive errors induced in two successive treatment cycles were not correlated (the only significant correlation was found for the magnitudes of vitreous chamber elongation in the case of two successive cycles of diffuser treatment, in line with Saltarelli et al. (2004) , (4) there was also little evidence that the gains for lens-induced and diffuser-induced refractive errors were similar -although it should be kept in mind that comparisons of the induced refractive errors at a single time point (here: after 5 days, Fig. 2 ) provides incomplete information. While the optical effects of diffusers are graded and depend on how much they were frosted, and also represent an ''open-loop" condition for the feedback loop of emmetropization, lenses impose defined defocus and trigger the feedback loop in a closed mode.
Possible error sources and comparisons to published data
Considering the variability of the refraction data, the possibility of measurement noise has to be evaluated. However, repeated refractions of the same eyes had only very small standard deviations which are shown in Fig. 3 (left column) . Therefore, the variability (most obvious in Fig. 1 ) originated from endogenous factors in the animals -and not from the infrared photorefraction. Also the significant correlations between both eyes, found in all cases ( Fig. 1) and described already in an earlier study (Schaeffel & Howland, 1991) , rule out that measurement noise generated the variability among different individuals. Finally, the changes in vitreous chamber depth were highly correlated to the changes in refractions, induced by treatments with diffusers or lenses (n = 92 eyes, R = 0.85, p = 0.0001). The correlation coefficient was comparable to the ones published in the literature. Winawer and Wallman (2002) list R = 0.80, Irving, Sivak, and Callender (1992) determined even R = 0.99 (with a much wider range of induced refractive errors, using lens powers ranging from À10 to +20D), and Saltarelli et al. (2004) found R = 0.78. Therefore, noise of measurement can be excluded as a relevant factor in our data set.
How could different set-points be explained?
The observations raise some interesting questions. What are the advantages for an individual chick to have a different set-point of emmetropization, and how could this set-point be internally determined? Four mechanisms could be imagined:
(1) Chicks may differ in their individual accommodation behaviour, depending on the ratio of sympathetic to parasympathetic innervation of the ciliary muscle (as described for humans e.g. by Mallen, Gilmartin, & Wolffsohn, 2005) . This may result in different levels of tonic accommodation which would generate different defocus patterns over time on the retina, and could generate different set-points of emmetropization. For instance, if accommodation would be impaired, the focal plane would be more often behind the retina and one would expect more myopic set-points. However, this is not what is observed in the experiments. A large body of data exists on the effects of elimination of accommodation on emmetropization. Typically, removing accommodation induced more hyperopic (rather than myopic) refractions, changed the time course in lens compensation, and increased the variability of the refractions (e.g. lesions of the Edinger-Westphal nucleus: Schaeffel, Troilo, Wallman, & Howland, 1990 ; optic nerve section: Troilo & Wallman, 1991; Wildsoet & Wallman, 1995; Wildsoet & Schmid, 2000 ; cilliary nerve section: Schmid & Wildsoet, 1996) . Blocking accommodation never inhibited the ability of the eyes to compensate imposed defocus by changes in growth although recent evidence exists that accommodation may in fact control emmetropization in young children (Mutti et al., 2009) . Therefore, the merits of this first hypothesis are doubtful.
(2) If not mediated by differences in accommodation, it could be that the set-point of emmetropization is determined by an equilibrium of two biochemically different signals: a growth-stimulating signal that is activated if the image is behind the retina and an inhibitory pathway that is stimulated when the image is in front. Pharmacological studies have presented evidence that the two pathways are indeed biochemically different. Myopia development can be suppressed by muscarinic antagonists (e.g. Stone, Lin, & Laties, 1991) , dopamine agonists (e.g. Stone, Lin, Laties, & Iuvone, 1989) , and dopamine depleting drugs (Schaeffel et al., 1995) , or colchicine (Choh, Padmanabhan, Li, Sullivan, & Wildsoet, 2008) . These drugs have no effect on hyperopia induced by positive lenses, suggesting a biochemically different pathway. Depending on the individual differences in receptor polymorphisms, affinities for the ligands, and densities the equilibrium might generate different end-point refractions. The idea of two biochemically different signals is further supported by the observation that the inhibitory signal is faster and more powerful than the growthstimulating signal (e.g. review by Wallman & Winawer, 2004) . However, a contradiction to both hypotheses (1) and (2) is already visible in Fig. 2B (left eyes): eyes with more hyperopic start-up refraction should also become less myopic during treatment with negative lenses because their set-points should also be relatively more hyperopic after the lenses were full compensated. It can be seen that just the eye that became most myopic was initially among the most hyperopic ones, although the relation did not achieve significance (see above).
(3) A third, more trivial explanation could be that individual differences in retinal thickness generate different ''small eye artifacts" of the photorefraction technique (Glickstein & Millodot, 1970) . However, the expected effects should be quite small since the entire retina in chicks is only 230 lm (Schaeffel & Howland, 1988) , equivalent to about 5D. Since the retinal thickness can only vary by a small fraction of this value, the dioptric differences are also small and cannot explain the variability observed in this study (Fig. 1) .
(4) Finally, it could be that the ratios of different ocular parameters (such as axial length to equatorial diameter, corneal curvature to anterior chamber depth) may determine the set-points of refraction. Chen et al. (2009) have recently shown that each of these ocular parameters is highly inheritable in chicks.
What might these observations tell us about emmetropization?
The observation that the individual set-points of emmetropization are fixed and apparently endogenously or genetically determined in normal chickens is unexpected. All chicks seem to approach different levels of moderate hyperopia so that their accommodation can focus from (behind) infinity to close. In children of the Orinda study (Zadnik et al., 1999a (Zadnik et al., , 1999b , it has been shown that the magnitude of ''hyperopic buffer" seems to determine the risk of becoming myopic. The probability of becoming myopic by 15 years of age was predicted by the amount of hyperopia at the age of 8 years: children with hyperopia more than +0.75D had only a 2% risk, children with 0.5D or more a 4% risk and children with less hyperopia than +0.5D had a 30% chance. The present study in chicks found that the set-point of emmetropization was apparently endogenously or genetically determined. There was little evidence that the gain of emmetropization was individually set. Perhaps the genetic risk of becoming myopic is also determined by the set-point, rather than the gain. The robust variability of the set-point of emmetropization in chicks may permit mapping of underlying genetic loci (Chen et al., 2009) . To this end, chicks could be selectively bred depending on their set-points of emmetropization, and satelite markers could be used to localize quantitative trait loci (QTLs).
